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Molecular Mechanisms of Epidermal Growth Factor Receptor (EGFR)
Activation and Response to Gefitinib and Other EGFR-Targeting Drugs
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The epidermal growth factor recepior {EGFR) is a member of
the erbB family of receptor tyrosine kinase proteins, which also
indudes HERZ/neu (erbB2), HER3 (erbB3), and HER4 (erbB4).
These receptors are composed of an extracellular ligand-binding
domain, a transmernbrane lipophilic domain, and an intracellu-
lar tyrosine kinase domain and, with the exception of HER2,
all bind to receptor-specific ligands (Fig. 1A and B). Phosphor-
ylation of the tyrosine kinase domain followed by homodime-
rization or heterodimerization between different receptors of the
same family leads to protein activation {1). Receptot dimerization
is promoted by ligand binding, high receptor density from
overexpression, and mutations in the kinase domain. Protein
activation on the cell surface of cancer cells is believed to promote
signaling cascades, cell growth, differentiation, cell survival
(apoploms) drug and radiation sensitivity, cell cyde progression,
and angiogenesis (Fig. 1A).

For cancer cells, vatous mechanisms of EGER activation ate
now shown: overexpression of ligands and receptors, EGFR
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gene gain, and activating mutations. Under physiolegic
condtiions, specific soluble ligands bind to the extracellular
domains of EGFR, HER3, and HER4, but no ligand has been
identified for HER2 (Fig. 1A). Of these ligands, EGF and
transforming growth factor-a (TGP-ct) selectively bind to EGFR,
following dimerization as a homodimer or as a heterodimer
with other members, and undergo autophosphorylation at
specific tyrosine residues within the intracellulat domain
(Fig. 1B). This autophosphorylation activates downstream
signaling pathways, including the Ras/Raf/mitogen-activated
protein kinase pathway [extracellular signal-regulated kinase
(ERK) 1/2}], the phosphatidylinositol 3-kinase (PI13K}/Akt
pathway, and the signal transduction and activator of tzan-
scription (STAT), and other pathways (Fig. 1A). ERK1 and ERK2
regulate cell growth and proliferation, whereas Aldt as well as
signal transduction and activator of transcription rather
specifically regulate cell survival and apoptosis.

Recently, novel anticancer drugs targeting EGFR family
members and other growth factor receptors have been
developed. One of the EGFR tyrosine kinase Inhibitors,
gefitinib {Iressa), shows a highly specific affinity for EGFR
and exerts its antitumor effects through inhibition of cell
signaling(s) in cancer cells {2-4). EGFR andfor HER? are
highly expressed in many tumor types of epithelial otigin,
including breast, head and neck, bladder cancers, and non~
small cell lung cancer (NSCLG; tef. 3). Expression of high levels
of EGFR andfor HER2 has been associated with a poor
prognosis, especially in NSCLC patients (5).

The discovery of EGFR mutations with or without gene gain
has enabled an understanding of how to treat certain NSCLC
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Fig. 1. A, the EGFR family and its downstream signaling moleciles as targets for cancer therapy. EGFR family proteins and thelr ligands. B, EGFR family proteins, their
specific phosphorylation sites, and binding sites of signaling molecules 1o the tyrosine kinase domains. Binding sites for PI3K {pBB5«) are found in EGFR, HER3, and HER4 but

not in HER 2.

patients with EGFR-argeting drugs from the standpoint of
evidence-based therapeutic strategies. NSCLC patients respond-
ing to gefitinib or another EGFR-targeting drug, erlotinib, often
carTy various somatic mutations in the EGFR gene (4}. Most of
the identified mutations are located within exons 18 to 21, as
activating EGFR mutations. A point mutation in exon 21
(L858R) and a deletion mutation in exon 19 (del E746-T751)
offer a predictive marker for improved therapeutics with
gefitinib or erlotinib. Moreover, the extent of EGFR gene
gain aiso plays a critical role in the therapeutic efficacy of
such drugs (6). Mowever, it is also known that not all
patients with EGFR mutations or gene gains are susceptible to
EGFR-targeting drugs (6~ 10). Successful therapy by such EGFR-
targeting drugs could be expected for patients whose EGFR
family members are amplified, mutated, or overexpressed
in cancer cells (11). In this article, we will discuss how the
EGFR family of proteins could be specifically associated with
drug sensitivity or the therapeutic efficacy of EGFR-targeting
dnags,

www.aacrjournals.org
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EGFR mutation or EGFR gene gain is assodated with a
more favorable outcome following treatment with EGFR-
targeting drugs, such as gefitinib or erlotinib {6, 12). In
preclinical studies, we discovered that drug sensitivity to
gefitinib is closely correlated with EGFR-dependent ERK1/2
and Akt activation (13). PC9, which harbors a deletion (del
746-750) in exon 19 of EGFR, was shown to be the most
sensitive of nine lung cancer cell lines to growth inhibition by
gefitinib and showed the closest coupling of growth arrest and
Akt/ERK1/2 activation inhibition (Fig. 2A and C). Consistent
with this finding, Paez et al. (8) reported that the lung cancer
cell line 3255 harboring the L858R mutation in EGFR exon
21 was also highly sensitive to gefitinib (Fig. 2B and C} and
also that both Akt and ERK1/2 pathways in H3235 were
highly susceptible to the inhibitory effect of gefitinib.
Increasing drug sensitivity to pefitinib of cancer cells harboring

Clin Cancer Res 2006;12(24) December 15, 2006



mutant EGPRs thus depends on how closely EGFR-driven
signaling pathways (ERK1/2, Akt, and signal transduction and
activator of transcription) are coupled with cell survival
(apoptosis) and cell growth.

To understand in more detail which EGFR-driven signaling
is specifically responsible for gefitinib-induced cytotoxcity

~ PCom

and therapeutic efficacy, Sordella et al. (14) generated
isogenic cell lines that expressed either wild-type (WT) EGFR
or mutant EGFRs {L858R and del 746-750). Mutant EGFR
selectively activated Akt and STAT 5 signaling but not
ERK1/2, to promote cell survival in lung cancer cells.
Immunohistochemical analysis on advanced NSCLC showed

B H3255™ H1781™

Gefitihib (M} 0 .1 .5 1 5

. P-EGFR
P-Akt

P-ERK 1/2

Gefitinib {u} 0 ..,1 1 10 0 1110
p-EGFR

EGFR
p-ERK 172

ERK 1/2°

CCR Focus

Fig. 2. A and B, comparison of the inbibitary eflects of gefitinib on activation of EGFR, Alt, and ERK1/2 between gefitintb-sensitive NSCLC lines {PCO and H3255) and
gefitinib-resistant NSCLC lines (QGS5B and Hi781): PCI™ and H3255™ harbor EGFR mutations del E746-A750 and L8SBR, respectively, whereas QGS6YTand H1781%7

carry WT EGFR. €, a model showing how gefitinib sensitivity is contrelled. In gefitinib-sensitive cell lines (PC9 and H3255), only EGFR-driven signaling dominates following
Alct and ERIC/2 activation for survival and growth. In gefitinib-resistant lines (QG56 and H1781), EGFR is not a survivel factor and other receptars or signals could dominate.
EGFR™Y WT EGFR; EGFR™, activated mutant EGFA. Figure 2B is modified and adapted with permission from Science (8).
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Fig. 3, Formation of the HER2/HER3 or the EGFR/HER3 heterodimer enhances both PI3K/Akt activation and cellular sensitivity to EGFR-targeting drugs, including
gefitinib. A, EGFR-targeting dregs praferentially inhibit Akt phosphorylation in a dose-dependent manper in LI2/HER2/HER3/EGFR cefls but notin LK2/HER3/EGFR cells.
8, gefitinib inhibits the formation of HER2/HER3 heterodimers, the association of HER3 with p85e, and the concomitant inhibition of MER3 tyrosine phosphorylation in
LK2/HER 2/HER3/EGFR cells. €, hypothetical model showing Riow overexpression of EGFR family proteins confers cellular sensitivity to EGFR-targeting drugs. In additicn
0 experimental data of (4) and (B; ref, 30), coexpression of HER3 with HER2 and/or EGFR was shown to confer gefitinib sensitivity to cancer cells (13, 26, 34).

HER3 also mediated PI3K/Akt activity threugh heteradimer formation with EGFR (WTand mutant type) in gefitinib-sensitive cancer celis but notin gefitinib-resistant
cells {34). In this model, heterodimer formation of HER2/HER3 or EGFR/HERS activates PI3K/Akt pathwvay that plays a pivotal role in drug sensitivity 1o EGFR-targeting
drugs.
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that patients with phosphorylated AKT-positive tumors have
a beiter response rate, disease control rate, and time fo
progression than patients with phosphorylated AKT-~negative
tumors when treated with gefitinib (15). The Akt signaling
pathway activated by-BGFR hatboring activating mutations
or gene gain is rather more spedifically involved in enhanced
drug sensitivity and therapeutic efficacy than the ERKI/2
pathway, suggesting phosphorylated AKT as one of the
molecular determinants of response to EGFR-targeting drugs.
However, further study is required to determine how
phosphorylated AKT expression can be applied to determi-
nation of the clinical therapeutic efficacy of gefitinib {16).
Furthermore, recent studies showed that NSCLG patients with
a EGFR mutation of del 746-750 had a longer median
survival than patients with the L85BR point mutation when
treated with gefitinib or erlotinib (17, 18), suggesting some

differences in activating EGFR signaling by each EGFR
mutation.

K-ras is a downstream mediator of EGFR-induced cell
signaling, and ras mutations confer constitutive activation
of the signaling pathways without EGFR activation. Growing
evidence indicates that K-ras mutations are important in the
development of lung carcinomas (19). Pao et al. (20) examined
60 lung adenocarcinoma patients and showed that K-ras
mutations are associated with a lack of sensitivity to gefitinib
or erlotinib, K-vas mutations-seem to be resistant to EGFR-
targeting agents and are reported to be mutually exclusive to
EGFR or HER2 gene mutations (21).

Increased EGER gene gain is closely associated not only with
gefitinib sensitivity but also with improved survival following
gefitinib treatment in patients with advanced bronchoalveolar
carcinoma (6, 22). EGFR gene gain is often observed in lung

Gefitinib

' CCR Facus

Fig. 4. Comelation of the expression of four EGFR family members with drug sensitivity to gefitinib in human cancer cell lines. Western blot analysis was done using

50 pg total cellular protein, and growth inkibition assays were done using various concentrations of gefitinib in culture, Average 1Cgo values (urr) are presented from dupticate
experiments. A, human cancer cell lines contain various lung cancer Tines and two epidemold carcinoma celi fines (4431 and KB3-1). Modified with permission {13). 5, human
cancer cell lines contain mainty breast cancer fines and other cell lines derived from various tumor types. Modified with permission (25).
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Fig. 5. Inhibition of angiogenesis is also responsible for the antitumor effect of gefitinib. 4, angiogenesis induced by EGF in mouse comeas is inhibited by gefitinib and
partially by SUB416. a, hydron alone, control; b, EGF (200 ng); ¢, EGF with geditinib (50 mg/lg/d, ip); d, EGF with SUSHE (25 mp/kg/d, i.p). B quantification of cormeal
neevascularization in mice afier treatment with gefitinib or SUS416, a, drug administered i.p.; b, drug administered in pellet. *, P € 0.05, significant difference from value

for EGE alone. €, a mode! of EGF/TGF-a — induced angiogenesis and gefilinib inhibition of the tumor angiegenesis process. Cancer cells often produce TGF-o,, which induces
the production of patent angiogenic factors, VEGFs, imerieukin-8 {{-8), matrix metalloproteinases (MMP), plasminogen activators (F4), platelet-derived growth factors
(PDGF), and other Inctors. EGF/ TGF-w also directly activates EGFR in endothefial celis both in normal vessels and in tumor neovasculatures, which induce angiogenesis,
Inhibition sites of gefitinib are indicated, suggesting that dual pathways are affected by gefitinib.

cancers, and increased copy number is more frequently seen in
patients harboring EGFR mutations than those with the WT
gene. Although the response rate to gefitinib for patients
harboring mutations was 82%, it should be noted that

amplified WT EGFR was also associated with responses in
some 11% of patients {23). Patients with an amplified mutant
allele are thus expected to receive more benefit from gefitinib
than those with an amplified WT allele (10, 23).
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HER2 as well as EGFR is highly expressed in several solid
tumors. For example, overexpression of the HER2 protein
was reported in 20% to 30% of breast cancers, and EGFR is
also overexpressed in ~40%. HERZ gene gain has been
teported to be an independent predictive marker for overall
sutvival and disease-free survival in node-positive patients
(24). One representative molecular targeting drug is the
human monodonal antibody against HERZ, trastuzumab
{Herceptin), which improves the outcome of HERZ-positive
breast cancer, HER2 overexpression in various cancer cell
lines or tumor xenografis also increases cytotoxicity and/or
the antitumor effects of gefitinib (25, 26). In' NSCLC
patients, Cappuzzo et al. (27) reported that an inceased
HER2 gene gain is associated with gefitinib sensitivity in
EGFR-positive patients. Those patents’ whose tumors had
high HER2? copy number and EGFR mutation had the best
objective response (53.8%) and disease control rate {76.9%),
suggesting that HER2 fluorescence in sity hybridization
analysis is a vahmable method  for selecting patients for
tyrosine kinase inhibitor therapy. On the other hand,
activating HER2 mutations, including an exon 20 point
mutation (G776L), have been teported in lung adenocarci-
nomas (28). A NSCLC patient harboring mutations in both
HER2 (G776L) and EGFR (A859T) experienced a response
after treatment with trastuzumab, despite disease progression
after prior tyrosine linase inhibitor therapy (29). Both HERZ
gene gain and mutation thus might be aitical for cancer cell
survival in NSCLC. )

Although HERS3 is unique among the EGFR family because
it lacks tyrosine kinase activity, its six tyrosine phosphoryla-
tion sites effectively couple the protein to the PI3K/
Al pathway by providing excellent binding sites for PI3K
{Fig. 1). In a preclinical study, we established HER2-
overexpressing cell lines that express HER3 and very low
levels of EGFR (LK2/HER2/HER3/EGFR), and these HER2
transfectants showed Iticreased sensitivity to growth inhibi-
tion by gefitinib, Gefitinib preferentially inhibited phos-
phorylated AKT in LK2/HER2/HER3/EGFR cells, whereas
phosphorylated ERK1/2 was not inhibited in either LK2/
HER3/EGFR or LK2/HER2/HER3/EGFR cells. This is sugges-
tive of selective inhibition” of Ald activation by gefitinib
(Fig. 3A; ref. 30). HER3 efficiently recuits the regulatory
subunit of PI3K, p85c, through dimerization with HER2,
which lacks the appropriate bindings site(s) for p85w
(31, 32). HER3 exhibited a high level of basal tyrosine
phosphorylation and constitutive association with p85a and
HER2 {or EGFR), which are abrogated by gefitinib (Fig. 3A;
tef. 30). Similar results have been reported by Moulder et al,
(33) with human breast cancer cell lines. Engelman et al.
{34) reported that HER3 was associated with PI3K exclusively
in gefitinib-sensitive NSCLC cell lines harboring either WT or
mutant (LB58R and del 747-749) EGFR. Gefitinib dissociated
this complex and released p85¢ in gefitinib-sensitive cell
lines. HER3 thus activates PI3K/Akt signaling through
dimerization with either EGFR or HER2 molecule only in
gefitinib-sensitive cancer cells {Fig. 3C).
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Moreover, concomitant overexpression of both HER2 and
HER3 was detected in two of eight lung cancer cell lines in
culture, and these two cell lines were found to be highly
susceptible to gefitinib (13), again suggesting the close
association of HER2 and HER3 coexpression with gefitinib
sensitivity (Fig, 4A). Moasser et al. (25) also reported that four
human breast cancer cell lines overexpressing HERZ together
with HER3 expression were more sensitive to gefitinib than
the other cell lines examined (Fig. 4B). This close correlation of
HER2 gverexpression with gefitinib sensitivity therefore occurs
in both lung (Fig. 4A) and breast cancer cells (Fig. 4B).
Gefitinib inhibition of cell growth is possibly mediated through
blockage of HER2/EGFR andfor HER3/EGFR heterodimer
formation (26). HER2 expression is thus expected to play a
pivotal 1ole in the therapeutic efficacy not only of HER2
monodonal antibodies (35) but also of EGFR tyrosine kinase
inhibitots, :

EGFR-targeting drugs could overcome accurulating :resis-
tance to trastuzumab in human breast cancer cells, plausibly
through modulation of PI3K/Akt signaling (36). Because EGFR
and other family members are often overexpressed in various
other tumor types, the notion of how EGFR-targeting drugs
show their therapeutic efficacies against lung and breast cancer
would be applicable to the further development of such
therapeutic strategies against other tumor types.

Even with the notable responses confemed by EGFR
inhibitors where there are activating mutations, the responses
ate not always durable, and there remain patients who do
not have responses at all, so that additional strategies are
needed to increase the effectiveness of EGFR-targeted therapy
(12). Gefitinib is the first EGFR-targeting drug to be
registered for advanced NSCLC followed by erlotinib, which
possesses slightly different pharmacologic characteristics. On
the other hand, cetuximab, a chimeric monodlonal antibody
targeting EGFR, has been registered for the treatment of
metastatic colorectal cancer {37). Mukchara et al. {38) have
reported differential effects of gefitinib and cetwximab against
NSCLC cells harboring activating EGFR mutations. Whereas
activating mutations were associated with sensitivity to
gefitinib but not to cetuximab, one particular deletion
mutant, del E746-A750, was associated with sensitivity to
cetudimab, However, little clinical experience has been gained
in the use of cetdmab in advanced NSCLC and other
malignancies. Other EGFR-targeting treatments, including
monoclonal antibodies, small molecules, and vaccines, are
now in clinical trials (39).

Combining EGFR-targeting drugs with anticancer agents
could modify the characteristics of drug sensitivity in ways
that might be unique for each drug type. Cooperative growth
inhibition is often observed following 2 combination of
EGFR-targeting drugs against various cancer cell types
{40~43). Huang et al. (40) showed that combining cetuximab
with either gefitinib or erlotinib synergistically enhanced
growth inhibition in head/neck cancer cells and other tumor
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types both in vitre and in vivo with a concomitant inhibition
of EGFR phosphorylation. Furthermore, cetuximab resistance
could be overcome by combination with etlotinib or gefitinib.
The combination of cetuximab and erlotinib blocked erloti-
nib-induced EGFR up-tegulation, tesulting in apoptosis and
growth inhibition of biliary tract cancer cells (42). Drug
sensitivity and resistance could be regulated through common
mechanisms .among various EGFR-taigeting drugs, such as
protein expression levels, gene mutation, and gene gain of
EGFR.

Van Schaeybroeck et al. {24) reported that EGFR activity
contributes to colorectal cancer cell response to gefitinib
alone and in combination with chemotherapeutic drugs.
Colorectal cancer cell lines with high constitutive EGFR
phosphorylation were found to be more sensitive to gefitinib
than those with low EGFR phosphorylation. In addition,
treatment with oxaliplatin or 5-flucrouracil inaeased EGFR
phosphorylation; in those cell lines, a combination of
treatment with gefitinib resulted in a synergistic effect on
growth inhibition. This study strongly indicates EGFR
phosphorylation levels in the absence or presence of
chemotherapeutic agents as a plausible surrogate marker for
therapeutic responses by EGFR-targeting drugs alone or in
combination with chemotherapy.

Wag‘.__",i; i

EGF and TGF-c are themselves known to be angiogenic
factors (45, 46), and they also up-regulate expression of potent
angiogenic factors, vascular endothelial growth factor (VEGF)
and interleukin-8, in cancer cells (47, 48). EGFR activation is
often linked to angiogenesis as well as to invasion and
metastasis, all processes thus able to be affected by EGFR
antagonists {see Fig. 1}. We investigated whether the antitumor
effect of gefitinib was partly attributable to antiangiogenic
activity. EGF markedly induced angiogenesis in an avascular
area of the mouse cormea at similar levels to VEGF, and this
EGF-induced neovascularization was almost completely
blocked by gefitinib (Fig. 54; ref. 47). Moreover, EGF-induced
production of the angiogenic factors interleulin-8 and VEGF
was almost completely blocked by gefitinib in cancer cells and
was partiatly inhibited by SU5416, a selective inhibitor of VEGF
receptor tyrosine kinases (Fig. 5B). We recently reported that
the EGF/TGF-a —dependent up-regulation of angiogenic factors,
such as VEGF and interleukin-8, is specifically mediated
through PI3I/Aki activation rather than through ERK1/2 in
cancer cells (48). Expression of EGFR was also reported in
tumor-associated endothelial cells (49, 50) and endothelial
cells of neovasculatures (51), suggesting that endothelial cells
could be cne of the targets for anticancer therapy by EGER-
targeting drugs. The antiangiogenic effects of gefitinib could be
mediated directly by blocking EGF-induced neovascularization
and also indirectly by inhibition of VEGF or interleukin-
8 production.

Treatment with anti-VEGF monoclonal antibody bevaci-
zumab (Avastin) in combination with anticancer agents
provided the first clear demonstration of better survival
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outcomes over chemotherapy alone in patients with
advanced colorectal cancers {52). VEGF and EGF exert their
biological effects directly or indirectly on tumor growth and
metastasisfinvasion as well as on tumor angiogenesis, The
biological effects by VEGF and EGF are mediated through
activation of their specific downstream signalings, but both
factors also share common downstream signaling pathways
This is thus the potential for improved therapeutic efficacy
by combination of both EGF/EGFR-targeting and VEGE/
VEGF receptor~targeting drugs, Clinical trials of combina-
tions of these molecular targeting drugs have been applied
to lung cancer and other tumor types (53, 54). Herbst
et al. {55} have evaluated bevacizumab in combination with
erlotinib for NSCLC. in a phase I/l trial and observed
encouraging antitumor activity and safety, supporting
further development of this combination (55). Furthermore,
several clinical trials with VEGF receptor tyrosine kinase
inhibitors aré also now in progress (53-55). These VEGF
receptor tyrosine kinase inhibitors, such as vatalanib
(PTK787/ZK222584), semaxanib (SU5419), sorafenib
(BAY439006), and zactima (ZD6474), can also inhibit the
tyrosine kinase activities of EGFR, platelet-derived growth
factor receptor, cKit, Raf, and Flt-3; these drugs are thus
considered multitargeted tyrosine kinase inhibitors. Of these
multitargeted drugs, ZD6474, for example, has a potent
inhibitory activity not only on VEGF receptor-2 tyrosine
kinase of vascular endothelial cells but also on EGFR
tyrosine kinase of cancer cells, resulting in the suppression
of tumor angiogenesis, tumor growth, and invasion/metas-
tasis. Whether the multitargeted therapeutic approach or the
combination of selective targeting agents will have better
therapeutic efficacy against each human tumor type is a
matter of debate.

In preclinical studies, HER2 andfor HER3 expression can
sensitize cancer cells 1o gefitinib. Moreover, Alt activation
following HER2/HER3S heterodimer formation seems to playa
pivotal role in the sensitivity to EGFR-targeting drugs. EGFR-
targeting drug sensitivity is largely dependent on the exlent to
which Akt or STAT activation as well as ERK1/2 activation is
associated with EGFR-induced cell survival and cell growth in
each cancer. Gene mutations, gene gains, and expression
levels lead to EGFR activation without ligand binding
resulting in altered sensitivity to EGFR-targeting drugs. To
predict the therapeutic efficacies of gefitinib and other EGFR-
targeting drugs, standard assay systems, such as immunohis-
tochemistry and fluorescence in situ hybridization, are
required to evaluate EGFR mutations, gene gain, and protein
expression levels. We expect that the combination of various
tyrosine kinase inhibitors or multitargeted inhibitors might
have better therapeutic benefits.

Wa thank our colleaguss N, Shinbaru, A. Hirata, 5. Ueda, and F. Hosol at Kyushu
University (Fukuoka, Japan) for their collaboration in this study,
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Abstract: Purpose: We investigated the effects of pegylated [FN-02b (PEG-
IFN-a2b) on the growth of human liver cancer cells. Methods: The effect of
PEG-IFN-u2b on the proliferation of 13 liver cancer cell lines was
investigated in vitro. Chronological changes in growth and IFN-o receptor-2
(IFNAR-2) expression were monitored in hepatocellular carcinoma (HCC)
cells (HAK-1B) cultured with PEG-IFN-02b. After HAJC-1B cells were
transplanted into nude mice, various doses of PEG-IFN-a2b or IFN-oZb
were administered, and tumor volume, weight, histology, and IFNAR-2
expression were examined. Results: PEG-IFN-a2b inhibited the growth of
nine cell lines with apoptosis in a dose- and time-dependent manner.
Continuous contact with PEG-IFN-02b induced time-dependent growth
inhibition and down-regulation of IFNAR-2 expression. PEG-IFN-u2b
induced a dose-dependent decrease in tumor volume and weight, a significant
increase of apoptotic cells, and a decrease in IFNAR-2 expression in the
tumor. The clinical dose for chronic hepatitis C was also effective. The
antitumor effect of PEG-IFN-a2b was significantly stronger than that of
non-PEG-IFN-a2b in vivo. Conclusions: Continuous contact with PEG-IFN-
o2b induces strong antitumor effects and the down-regulation of IFNAR-2 in
HCC cells. The data suggest potential clinical application of PEG-IFN-u2b
for the prevention and treatment of HCC.
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Interferon-o¢ (IFN-o) is a multifunctional cyto-
kine that possesses antiviral activity, antiproli-
ferative activity, various immunoregulatory
activities, antitelomerase activity, and antiangio-
genesis activity (1-3). The antiviral activity of
IFN-« has attracted much attention, and IFN-o
preparations have been used in the treatment of
hepatitis B virus- and hepatitis C virus (HCV)-
related chronic hepatitis in many countries (4).
Recently, IFN-a has been shown to possess
highly suppressive effects on hepatocellular car-
cinogenesis and the recurrence of hepatocellular
carcinoma (FICC) after curative treatment for
HCC in patients with virus-related chronic hepa-
titis (5-10). However, the mechanisms of these
actions have not yet been clarified. We previously
reported that human lymphoblastoid IFN-c de-
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rived from Sendai virus-induced BALL-1 cells
(BALL-1 IFN-¢) directly suppressed the cell
proliferation of 13 liver cancer cell lines-to various
degrees by inbibiting cell cycle progression with
or without apoptosis in vitro (11). Recently, we
also showed that consensus IFN-o. at or close to
the clinical dose used in treatment for HCV-
related chronic hepatitis suppressed HCC growth
in nude mice (12). This suggests that the direct
antiproliferative action of IFN-o may be involved
in the suppressive mechanisms of “IFN-o on
hepatocellular carcinogenesis. In clinical practice,
IFN-« alone or in combination with other antic-
ancer drugs such as S-fluorouracil has been used
in the treatment of malignant diseases including
leukemia, renal cancer (4, 13) and advanced HCC

(14).
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Pegylated IFN o-2b (PEG-IFN-u2b) is a cova-
Jent conjugate of recombinant IFN-a2b with a
monomethoxy polyethylene glycol (PEG) in a 1:1
molar ratio that produces a 31000-Da molecule
(15). PEG comnjugation increases the size of the
molecule. Therefore, the absorption of the pegy-
Jated molecule is slower, its serum half-life is
longer, and its rate of clearance from the plasma
is lower than that of the unmodified molecule.
PEG-IFN-¢2b thereby increases patient exposure
to IFN-c2b and requires less freqhient adminis-
tration (15). Clinical trials in patients with
chronic hepatitis C suggest that PEG-IFN-a. pre-
parations produce more potent therapeutic ef-
fects with or without ribavirin than do non-PEG-
IFN-o preparations (15-20). However, whether
or not PEG-IFN preparations are superior to
non-PEG-IFN preparations in terms of suppres-
sive effects on hepatocellular carcinogenesis and
HCC growth has not been clarified. In addition,
there have been no basic in vitro or in vivo studies
that evaluate the efficacy of PEG-IFN-02b on
HCC cells. In the current study, we examined the
in vitro and in vivo antitumor effects of PEG- and
non-PEG-IFN-02b on liver cancer cell lines by
using several PEG-IFN-02b concentrations in-
cluding a low dose that js close to the clinical
dose. We also examined the expression of type I
IFN receptor 2 (FNAR-2) subunit and its rela-
tionship with antitumor effects on HCC cells
under the condition of continuous contact with
PEG-IFN-u2b. .

Materials and methods
Cell lines and cell culture

This study used 11 HCC cell lines (KIM-1, KYN-
1, KYN-2, KYN-3, HAK-1A, HAK-1B, HAK-2,
HAK-3, HAK-4, HAK-5, and HAK-6) and two
human combined hepatocellular and cholangio-
carcinoma (CHC) cell lines (KMCH-1 and
KMCH-2). These HCC and CHC cell lines were
originally established in our laboratory, and each
cell line retains the morphological and functional
features of the original tumor as described else-
where (11, 21-29).

The cells were grown in Dulbecco’s Modified
Eagle Medium (Nissui Seiyaku Co., Tokyo,
Japan) supplemented with 2.5% heat-inactivated
(56 °C, 30min) fetal bovine serum (FBS, Bio-
serum, Vic, Australia), 100U/ml penicillin,

100 pg/ml streptomyein (GIBCO BRL/Life Tech- -

nologies Inc., Gaithersburg, MD) and 12 mmol/l
sodium bicarbonate, in a humidified atmosphere
of 5% CO5 in air at 37 °C.

IFN and reagents

PEG-IFN-02b (PEG Intron®) and IFN-a2b (In-
tron®A) were kindly provided by Schering-
Plough K K. (Osaka, Japan). The specific activity
of PEG-IFN-02b was 6.4 x 107 IU/mg protein
and that of IFN-a2b was 2.6 x 10°IU/mg
protein.

Anti-bromodeoxyuridine (BrdU) antibody and
fluorescein isothiocyanate-conjugated goat anti-
mouse immunoglobulin (FITC-GAM) were
purchased from BD Biosciences (San Jose, CA);
control normal mouse IgG;, from DAKO
(Glostrup, Denmark); rat antibody against
mouse endothelial cells (anti-CD34, clone
MEC14.7), from Serotec Co, Oxford, UK
mouse monoclonal antibody against human o-
smooth muscle actin (SMA) that cross-reacts
with mouse a-SMA (clone 1A4), from Immunon
(Pittsburgh, PA); rabbit antibody against vimen-
tin fragment (V1) (caspase-9 activation state anti-
body (30)), from Medical & Biological
Laboratories Co. Ltd. (Nagoya, Japan); ‘mouse
monoclonal antibody against human IFN o/
receptor chain 2, from Chemicon International
Inc. (Temiecula, CA); and mouse monoclonal
antibody against human epidermal growth factor
(EGF) receptor, from Upstate Biotechnology
Incorporated (Lake Placid, NY).

Effects of PEG-IFN-2b and IFN-0:2b on the proliferation
of HCGC and CHC cell lines in vitro

The effects of PEG-IFN-02b on the growth of the
cultured cells were examined with colorimetry
using  3-(4,5-dimethylthiazol-2yl)-2,5-diphenyl
tetrazolium bromide (MTT) assay kits (Chemi-
con International Inc.) as described elsewhere
(11, 12). Briefly, the cells (1.5-8 x 10° cells per
well) were seeded on 96-well plates (Nunc Inc., ’
Roskilde, Denmark), cultured for 24h, and the
culture medium was changed to a new medium
with or without PEG-IFN-02b (16, 64, 256, 1024,
or 4096 TU/m]). After culturing for 24, 48, 72 or
96h, the number of viable cells was measured
with ImmunoMini NJ-2300 (Nalge Nunc Inter-
national, Tokyo, Japan) by setting the test wave-
length at 570 nm and the reference wavelength at
630 nm. To keep the optical density within linear
range, all experiments were performed while the
cells were in the logarithmic growth phase. The
effects of IFN-a2b on the growth of the cell lines
were also examined in the same manner.

Morphological observation

For morphological observation under a hght
microscope, cultured cells were seeded on Lab-
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Tek tissue culture chamber slides (Nunc Inc.),
cultured with or without PEG-IFN-a2b (256,
1024 or 40961U/ml) for 72h, fixed for 10min in
Carnoy’s solution, and stained with hematoxylin—
eosin (HE).

Quantitative analysis of PEG-IFN-a:2b-induced apoptosis
in vitro

The cells cultured with or without 1000 IU/ml
PEG-IFN-02b for 72h were §tained with the
Annexin V-EGFP (enhanced green fluorescent
protein) Apoptosis Detection Kits (Medical &
Biological Laboratories Co., Ltd.) according to
the manufacturer’s protocol. After staining, the
cells were analyzed using a FACScan (Becton
Dickinson Immunocytometry Systems, San Jose,
CA), and Annexin V-EGFP-positive apoptotic
cell rate was determined.

Eifects of PEG-IFN-ae2b on the proliferation and
expression of the IFNAR-2 subunit

To investigate the expression of the IFNAR-2
subunit after continuous contact of PEG-IFN-
o2b as well as its relationship with antiprolifera-
tive effects, HAK-1B cells were cultured with
medium alone (Control) or medium containing
10001U/ml of PEG-IFN-u2b for 0, 3, 24, 48, 72,
96, 144, 192 or 240 h. The viable cell number and
the cell surface expression of the IFNAR-2 sub-
unit-'were examined. The cell surface expression of
the IFNAR-2 subunit was analyzed using flow
cytometry with the technique described elsewhere
(11) with slight modification. Briefly, the cells
were reacted with anti-IFN o/p receptor chain 2
antibody (final concentration, 2.5 pg/ml) or con-
trol antibody for 1h, washed once, incubated
with 4pul of FITC-GAM for 30min, washed
once, fixed in 4% paraformaldehyde for 10min,
washed, and analyzed with a FACScan. The
expression levels were compared according to
the mean channe] number. As an internal control
to confirm that cell surface protein level on HAK-
1B cells treated with or without 1000IU/ml of
PEG-IFN-¢2b is constant, EGF receptor expres-
sion was measured on the cells cultured for 240h
in the same manner. After culturing for 72h, cell
cycle analysis was also performed in HAK-1B
cells cultured with or without 1000IU/m! of
PEG-IFN-02b with the technique described else-
where (11). Briefly, cells were labeled with 10 mM
BrdU (Sigma Chemical Co., St Louis, MO) for
30 min, harvested, fixed in 70% cold ethanol at
4 °C overnight, stained with anti-BrdU and pro-
pidium iodide (Sigma Chemical Co.), and ana-
lyzed by using a FACScan.
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Effects of PEG-IFN-c:2b and [FN-o2b on HCC cell
proliferation in nude mice

Cultured HAK-1B (107 cells/mouse) was subcu-
taneously (sc) injected into the backs of 5-week-
old female BALB/c athymic nude mice (Clea
Japan Inc., Osaka, Japan). Five to seven days
later when the largest diameter of the tumor
reached approximately 5-10mm (Day 0), the
mice were divided into seven groups (n=6-9
each) in the first experiment (Experiment #1)
and into five groups (n=7 or 8 each) in the
second experiment (Experiment #2) in a manner
to equalize the mean tumor diameter of every
group. In Experiment #1, each mouse received a
sc injection of 0.1 ml of medium alone (Control),
medium containing 640, 6400, 64000, or
640 000 IU of PEG-IFN-a2b, or medium contain-
ing 6400 or 640001U of IFN-u2b, twice a week
for two consecutive weeks (Day 1, Day 4, Day &,
and Day 11). Experiment #2 was conducted in the
same manner but 640 and 6400IU/mouse of
PEG-IFN-o2b and the same doses of IFN-02b
were used. The aim of Experiment #2 was to
examine the reproducibility of the antitumor
effects of PEG-IFN-c2b at low concentrations
and to compare this activity to that of IFN-a2b,
The clinical dose of PEG-IFN-02b in chronic
hepatitis C treatment is 9.6 x 10*TU/kg and is
three times the lowest dose (3.2 x 10*IU/kg) in
the experiment. During this 2-week period, tumor
size was measured in two directions using calipers
on the first and second days of sc injection (Day 1
and Day 2) and then once every 2 days until Day
14, and tumor volume (mm?) was estimated using
the equation ‘length x (width)® x 0.5’. Mouse
body weight was measured on Day 0, Day 8§,
and Day 14. On Day 15, the mice were sacrificed
and the tumors were resected and weighed and
used for morphological studies (e.g., HE staining
and immunohistochemistry) and ELISA analysis.
Every mouse received an intraperitoneal injection
of 1 mg of BrdU 30 min before sacrifice.

The animals received human care according to
the criteria outlined in the ‘Guide for the Care
and Use of Laboratory Animals’ prepared by the
National Academy of Sciences and published by
the National Institutes of Health (NIH publica-
tion 86-23 revised 1985).

Morphological examination of the subcutaneous tumors of
nutde mice

The number of cells showing the characteristics of
apoptosis (e.g., cytoplasmic shrinkage, chromatin
condensation, and nuclear fragmentation) was
counted in ten 0.25mm? areas within an HE-
stained specimen of the first experiment, and the
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average number.per area was obtained. The
appearance of apoptotic cells was confirmed by
the immunohistochemical detection of vimentin
fragment (V1), i.e., a marker for caspase-9 activa-
tion (30), with the specific antibody and Histo-
Mouse™-plus kits (Zymed Laboratories Inc,
CA). The specimens were also immunostained
for incorporated BrdU using BrdU Staining
Kits (Oncogene Research Products, Boston,
MA), and the average number of positive cells
per area was obtained as described above. In
addition, double-immunostaining was performed
with anti-mouse endothelial cell antibody, anti-
human o-SMA. antibody, Histofine simple stain
mouse MAX-PO (Rat) kits (Nichirei, Tokyo,
Japan), and HistoMouse™-plus kits to detect
artery-like blood vessels as described in our pre-
vious report (12, 31). The number of blood vessels
in the tumor nodule was counted on each speci-
men. The size of the counted area was traced and
measured using TurboCAD software (IMSI, No-
vato, CA). From the number of vessels per unit
area (mm?) obtained, the group mean was ob-
tained for group comparison.

ELISA

The tumors were cut into pieces, and an appro-
priate amount was homogenized in 500 pl of ice-
cold Ca?*- and Mg?*-free phosphate-buffered
saline containing 100 ug/ml phenymethylsulfonyl
fluoride using a pellet pestle. The mixture was
centrifuged for 10min (12000g, 4 °C), and the
supernatant ‘was stored at —20°C until use.
The amount of the IFNAR-2 subunpit in the
supernatant was measured using ELISA. kits
(Otsuka Pharmaceutical Co. Ltd., Tokyo, Japan).
The amount of tissue protein was determined
using a BCA protein assay reagent (Pierce, Rock-
ford, IL).

Statistics

Comparisons of estimated tumor volume and
colorimetric cell growth were performed using
two-factor factorial ANOVA and Student’s -
test, respectively. The other data comparisons
were performed using the Mann—Whitney U-test.

Results

Effects of PEG-IFN-a:2b on liver cancer cell proliferation
in vitro

Twenty-four hours after the addition of 4096 IU/
ml of PEG-IFN-a2b, mild increase in the relative

viable cell number occurred in 10 cell lines (all cell
lines except HAK-1B, HAK-6, and KMCH-1).

However, after 72h or later, a 10% or more
decrease in the cell number occurred in 12 cell
lines (Fig. 1A). In HAK-3, proliferation was not
suppressed but slightly promoted up to 96h of
PEG-IFN-a2b contact. In HAK-2 and HAK-4,
proliferation was suppressed up to 72h and the
cell number reached a plateau thereafter. In the
other 10 cell lines, proliferation was suppressed to
varying degrees up to 96h.

Ninety-six hours after the addition of PEG-
IFN-c2b, the relative viable cell number was
suppressed in nine cell lines (all cell lines except
HAK-2, HAK-3, HAK-4, and KMCH-2) in 2
dose-dependent manner (Fig. 1B). In four cell
lines (KYN-2, HAX-1B, KYN-1, and KIM-1},
the number was suppressed to 50% or less with
4096 TU/ml of PEG-JFN-a2b, and the 50% in-
hibitory concentration (IC50) was 831.8 TU/ml
for KYN-2, 839.0IU/ml for HAK-1B,
1298.6 1U/ml for KYN-1, and 3396.4IU/ml for
KIM-1. The IC50 of non-PEG-IFN-02b in the
four cell lines was 918.5, 627.7, 1237.7, and
2617.8 IU/ml, respectively, which was not signifi-
cantly different from that of PEG-IFN-a2b
(paired Student’s t-test). No relationship was
detected between the histological differentiation
level of the original tumor and sensitivity to the
antiproliferative effect of PEG-IFN-a.2b.

Seventy-two hours after adding 4096 1U/ml of
PEG-IFN-02b, 10 cell lines (all cell lines except
HAK-2, HAK-3, and KMCH.-2) presented char-
acteristics of apoptosis, e.g., cytoplasmic shrink-
age, chromatin condensation, and nuclear
fragmentation, to various degrees (Fig. 2).

Quantitative analysis of Annexin V-EGFP-po-
sitive apoptotic cells revealed that the appearance
of apoptosis was significantly higher in the cul-
tures with 1000TU/ml of PEG-IFN-a2b than

those without PEG-IFN-¢2b in nine cell lines’

(Table 1).

Effects of PEG-IFN-a2b on the proliferation and
expression of IFNAR-2 in vitro

With continuous contact of PEG-IFN-a2b up to
2401, the expression of IFNAR-2 in HAK-1B
cells was significantly down-regulated at 3h com-
pared with the Control, then significantly up-
regulated at 48h, and significantly down-regu-
lated in the period between 96 and 240h (Fig.
3A). To check the specificity of the down-regula-
tion of IFNAR-2 expression, the expression of
EGF receptor was also analyzed at 240h. The
mean channel numbers of HAK-1B cells cultured
with and without 1000IU/ml of PEG-IFN-c2b
were 10.1 £0.4 and 10.6 & 0.9, respectively, and
there was no significant difference in EGF recep-
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Fig. 1. Antiproliferative effect of pegylated IFN-¢(2Db (PEG-IFN-02b). (A) Chronological changes in relative viable czll number (% of
the control) after adding 4096 1U/ml of PEG-IFN-u2b. Growth was suppressed with time in 10 cell lines. (B) 96 h after adding 16, 64,
256, 1024, or 40961U/ml of PEG-IFN-a2b. Cell proliferation was suppressed in a dose-dependent manper in nine cell lines. The
suppression was significant (P <0.001-0.05) in the ranges of 16-4096 IU/nl of PEG-IFN-¢2b in KYN-1, KYN-2, and HAK-6; 64~
40961U/ml in ICYN-3, HAK-1A, HAK-1B, and HAK-2; 256-4096 1U/ml in KIM-1 and KMCH-1; 1024-4096 1U/ml in KMCH-2;
and at 4096 IU/ml in HAK-5 (Student’s -test). Eight samples were used in each experiment (» = 8). The experiment was repeated at
least three times for each cell line. The figures represent average 4= SE of the experiments.

i oic. A% «’f tud
Fig. 2. Photomicrograph of HAJK-1B cells cultured for 72hon a
Lab-Tek Chamber slide, {A) Without pegylated IFN-c2b (PEG-
IFN-2:2b) in culture medium. Some mitotic figures (long Arrows)
were noted. {B) With 4096 1U/mi of PEG-TFN-u2b in culture
medium. Apoptotic cells {short arrows) characterized by cyto-
plasimic shrinkage, chromatic condensation and nuclear frag-
mentation were noted (hematoxylin—eosin staining, x 200).

tor expression. The relative viable cell number
decreased in a time-dependent manner up to
240h (Fig. 3A).

The cell cycle analysis shows that the number
of HAK-1B cells at the S phase and G./M phase
increased and decreased, respectively, with con-
tinuous contact of PEG-IFN-a2b, and this indi-
cates the induction of S-phase arrest by PEG-
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Table 1. Quantitative analysis of apopiosis induced by PEG-tFN-u2b in
13 tiver cancer celf lines

Annexin V-EGFP-positive apoplotic cells (%)

Cell line Control PEG-IFN-a2b
Kia-1 5.8x02 28.0 £ 0.71
KYN-1 47 £1.0 6.6 £ 0.5

KYN-2 0.6 £0.1 3.1 £ 0.7%
KYN-3 14.2 2.4 21.5 + 1.0
HAIC-1A 8.6 4 0.3 14.8 & 0.4t
HAK-1B 5.4+ 04 25.0 £ 0.5¢
HAK-2 0.5+ 0.% 0.2+040

HAK-3 3.2+ 04 4.7+ 06

HAK-4 4.6 £1.0 8.2 & 0.3t
HAK-5 5.8 4+ 0.1 9.1 £ 0.3t
HAK-6 13.6 £ 0.7 314 £ 044
KMGH-1 2.9+ 04 15.8 £ 0.5%
KMCH-2 53+04 3.6 408

Cells were cultured with medivm alone (Control) or medium with
100G IU/ml of PEG-IFN-o2b. Apoptosis was measured by Anaexin V-
EGFP staining. The rates of Annexin V-EGFP-positive apoptotic cell were
showa as average + SE, Five samples were used in each experiment.
*P<0.05, vs corresponding conirol value, £ <0.01, vs corresponding
control value. PEG-IFN-u:2p, pegylated IFN-o2b; EGFP, enhanced green
flugrescent pratein.

IFN-a2b (Fig. 3B). In addition, the number of
cells at the preG, phase increased with continu-
ous contact of PEG-IFN-o2b, and this indicated
the induction of apoptosis.
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Fig, 3. Bffects of 10001U/ml of pegylated IFN-u2b (PEG-IFN-02b) on growth and IFN-u receptor-2 (IFNAR-2) expression in
HAK-1B cells. (A) Time-course changes in relative viable cell number (% of Control) and IFNAR-2 expression before and after
10001U/m! of PEG-1FN-u2b addition. Cells reacted with anti-IFNAR-2 antibody or normal mouse IgG (control antibedy) were
stained with fluorescein isothiocyanate-conjugated goat anti-mouse immunoglobulin and analyzed using flow cytometry, The
expression levels were compared according to the mean channel numbers that were calctilated as the difference between the mean!
channel number in the celis stained with anti-IFNAR-2 antibody and that stained with normal mouse IgG (control antibody). The
figures represent the average & SE of at least two independent experiments, and each experiment used three to five samples for each
measurement. TP <0.01, vs continnous PEG-IFN-02b contact. **F<0.001, vs continuous PEG-IFN-02b contact. (B) Cell cycle
analysis. HAK.-1B cells wére cultured with 1000 1U/ml of PEG-IFN-¢:2b or medium alone (Control) for 72h. The cells were labeled
with 10 mM bromodeoxyuridine (BrdU) for 30 min, fixed, stained with anti-BrdU and propidium jodide, and analyzed using &
FACScan. The contour plots are shown. The arrow shows the area of the preG, phase. The experiments were repeaied twice, and

almost identical resuits were obtained.

and the mice that received 640, 6400, 64000, or
640 0001U of PEG-IFN-x2b or 6400 or 64 000 IU
of IFN-o2b (P<0.001 by two-factor factorial

Effects of PEG-IFN-a2b on HCC cell proliferation in nude
mice

Chronological changes in estimated tumor vo-
Jume after subcutaneous injection of cultured
HAK-1B cells to nude mice are summarized in
Fig. 4. Dose-dependent suppression of tumor
volume was observed in mice receiving PEG-
IFN-02b. In Experiment #1, a significant differ-
ence in the changes in tumor volume and tumor
weight was observed between the Control mice

ANOVA; and P <0.05-0.001 by the Mann—Whit-
ney U-test) and between 640001U of PEG- and
non-PEG-IFN-a2b (P <0.0001 and P<0.01, Fig.
4 and Table 2). In Experiment #2, significant
difference in tumor volume change was observed
between the Control mice and the mice that
received 640 or 6400IU of PEG-IFN-u2b or
6400 TU of IFN-u2b and between 640 IU of
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Fig.4. Time-course change in estimated tumor

volumes of subcutaneously transplanted human hepatocellular carcinoma tumors in

nude mice. The mice received a subcutaneous injection of 640 (4), 6400 ( o), 64000 {A), or 640000 (%) IU of pegylated IFN-0:2b

(PEG-IFN-02b),

or 6400 (@) or 64 000 (A) TU of IFN-u2b, or medium alone {Control) {0) in Experiment #1, and of 640 {4 ) or 6400

(o) IU of PEG-IFN-x2b, 640 { $) or 6400 (@) IU of IFN-u2b, or medivm alone (Control) (0) in Experiment #2, twice a week for

two consecutive weeks. The arrows show the days of injection. *P

<0.001, vs the other groups. #P<0.0001, vs IFN-o2b (64 000 IU}.

$P<0.05, vs control or IFN-u2b (6401U). §P<0.05, vs Control. The experiments were repeated twice, and almost identical results

were obtained. The figures represent average & SE.

Table 2. Treatment of human HCGC tumors subcutaneously trans-
planted in nude mice

Treatment Tumor Body

group* Number weight {g) weight ()1

Experiment #1
Controk 8 0.436 £ 0.07% 19.2 £ 0.61%
PEG-IFN-t2h {640 1U) 9 0.237 £ 0.05§ 19.4 0.4
PEG-IFN-c:2b (6400 1)) 9 0.180 £ 0.039 19.9 £ 0.2
IFN-a2b (6400 U} 6 0.259 + 0.06§ 194 + 0.7
PEG-IFN-u2b {64000 |U) 9 0.016 £ 0.01 || # 19.0 £ 0.6
IFN-c:2b {64 000 [U) 7 0.221 + 0.06§ 19.1 £ 0.5
PEG-IFN-u2b (640000 1U) 9 0.0 19.6 £ 0.3

Experiment #2
Control 8 0.160 = 0.04 20.6 £ 0.5t
PEG-IFN-a2b (640 1U) g 0.097 & .02 201 £ 0.4
|FN-c2b (640 1U) ] 0.168 4 0.03 20.7 £ 04
PEG-IFN-u2b {6400 V) 7 0.050 £ 0.02% 21.0 £0.3
IFN-e2b (6400 1U) 8 0.131 £ 0.03» 21,1 £03

*Cultured HAK-1B cells (1.0 x 107) were subcutaneously transplanted
into siude mice. Five to seven days later when the largest diameter of the
tumor reached approximately 5—10 mm, mice in each group were treated
with twice per week sc injections of PEG-IFN-e2b, [FN-c:2b, or cviture
medium. All mice were sacrificed on the 15th day. TBody weight on the
14th day. Mean + SE. §F<0.05 vs control. §P<0.61 vs conirol.
[| P<0.001 vs control. #P<0.01 vs |Fi-a2b (84000 1U}. =*020.03
vs PEG-IFN-u2b (6400 IU). ttnot significant vs the other groups. HGG,
hepatecellular carclaoma; PEG-IFN-u:2b, pegylated IFN-ac2b.

PEG- and non-PEG-IFN-a2b (P<0.05, Fig 4).
The tumors of the mice that received 6400 1U of
PEG-IFN-a2b tended to be smaller in volame in
both Experiments #1 and #2 (P=0.068 and
0.064, respectively), and the tumor was signifl-
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cantly lower in weight than that of IFN-a2b in
Experiment #2 (P<0.03). At the end of the
experiments, the estimated tumor volume in the
mice that received 640IU of PEG-IFN-e2b
(3.2 x 10°TU/kg, about 1/3 of the clinical dose
9.6 x 10°1U/kg) in Experiments #1 and #2 be-
came 42% and 58% of the Control, respectively.
In the mice that received 640 000 IU of PEG-IFN-
o2b, the tumors' disappeared on the 14th day.
PEG-IFN-u2b administration did not affect the
body weight of the mice (Table 2}.

Histological examination of the HAK-1B tii-
mor specimens stained with HE revealed that the
numbers of apoptotic cells in the mice treated
with PEG-IFN-a2b (640-64 000 IU) or IFN-u2b
(64000 TU) were significantly higher than that of
the Control, and the number increased dose
dependently (Fig. SA—~C; Table 3). Immunostain-
ing of vimentin fragment (V1) that is a marker for
caspase-9 activation showed a positive reaction in
the cytoplasm of the apoptotic cells (Fig. 5D).

No significant difference was observed in the
number of blood vessels per unit area of the
HAK-1B tumor between the Comntrol and the
PEG-IFN-02b or IFN-02b group (Table 3).

Immunohistochemical examination of BrdU
uptake in HAK-1B tumors revealed that the
BrdU labeling index was significantly higher in
the Control than in the 6400 1U PEG-IFN-«2b or
1FN-¢2b groups (Fig. 5E, Table 3).
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Fig. 5. Photomicrograph of subcutaneons human hepatocellndar carcinoma tumor in nude mice that was developed after the injection
of HAIC-1B cells. (A) A control mouse that veceived culture medium alone. The tumor shows a thick trabecular arrangement of tumor
cells and a sinusoid-like structure in the stroma. (B) A mouse that received a se injection of 6400 TU pegylated IFN-aZb. There are
many apoptotic tumor-cells (arrows, hematoxylin—eosin staining, x 200). (C) Higher magnification of B. It clearly shows apoptotic
tumer cells characterized by shrinkage and eosinophilic change in the cytoplasm, chromatin condensation and/or {ragmentation.of
nuclei (hematoxylin—eosin staining, x 400). (D) Immunostaining of vimentin fragment (VI). Positive reactions (red pigments) are
shown in the shrunken cytoplasm of apoptotic cells as noted in C (counterstained with Mayer's hematoxylin, x 400). (E)
Immunostaining of bromodeoxyuridine (BrdtJ). Many BrdU-positive cells (brown nuclear pigments) were found in a tumor of a
control mouse (counterstained with Mayer’s hematoxylin, x 200).
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Table 3. Numbers of apoplotic calls, artery-like blood vessels, and Bratl-positive cells, and exprassion of iFNAR-2 subunit in human HCC tumors
subcutaneously transplanted in nude mice '

Treatment graup* Apoptosist Bleod vessel} Brél L.1.§ IFNAR-29

Experiment #1
Control ' 213 £ 1.8 116 £ 0.20 ] 155 £ 1.2 |1 0.676 £ 0.10 |}
PEG-1FN-c2b {640 1U} 28.4 4 1,94 1.04 £ Q.15 16,6 & 3.1 0,410 £ 0.07#
PEG-IFN-u2D {64001U) 34.3 X 5.0¢ 1.20 4 0.19 10.2 £ 1.1# 0.451 £ 0.1
iFN-u2b (640010) 24.0 £ 3.0 1.13 £ 0,18 9.4 4 1,14 0.656 £ 0.12
PEG-IFN-ce2h {64000 IU) 34.3 £ 534 1.43 £ 0.39 ND 0.061 & 0.085F
IFM-e2b (64000 IU) 27.5 & 2.5¢ 0.92 £ 0.20 10.6 £ 3.0 0.607 £ 0.11
PEG-IFN-¢2b (640000 V) ND ND ND ND

*Cyltured HAK-18 cells (1.6 x 107) were subcutaneously transplanted into nide mice. Five to seven days later when the largest diamater of the tumor
reached approximately 5-10 mm, mice in each group were treated with twice per week sc injections of PEG-FN-u2b, $FN-a2b, or culture medium, Al
mice were sacrificed on the 15th day. +Tha number of apoptotic cells was counted in ten 0.25 ram? areas in each section, and the average aumber per
area in each group was obtained. $1The number of the blood vessels in the tumor nodule was countec on each section, and the average number per area
in each group was obtained. §The number of BrdU-positive cells was counted in ten 0.25 mm? areas in each section, and the averags number per area in
gach group was obtained as the labeling index. Valves are expressed as po/i5ug protein. || Mean £ SE. #P < 0.05, vs control. **Net significant, vs
the other groups. +Nat significant (P=0.068) vs control. This is partly because only 2 samples were available for IFNAR-2 analysis in this group.
Bral, bromodeoxyuridine; $FNAR-2, {FN-a receptor-2; MCC, hepatocefiular carginoma; ND, nof done; PEG-1FN-u2b, pegyiated IFN-o2b.

The expression of the IFNAR-2 subunit tended to  nificant difference was observed between the Con-
decrease in the PEG-IFN-«2b groups, and a sig-  trol and the 640 U PEG-IFN-a2b group (P<0.05).
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Discussion

PRG-IFN-¢2b induced a time-dependent anti-
proliferative effect in 10 cell lines in contact
with 40%61U/ml of PEG-IFN-a2b for 24-96h
and a dose-dependent antiproliferative effect in
nine cell lines in vitro in the range of 16 and
4096IU/ml. On an antiviral unit basis, the anti-
proliferative activity of PEG-IFN-c2b was not
significantly different from that of non-PEG-
IFN-02b in vitro based on IC50 values. Com-
pared with BALL-1 IFN-a that consisis of the o2

subtype (about 75%) and the o8 subtype (25%)

or with IFN-aConl, both PEG-IFN-u2b and
IFN-02b showed low antiproliferative activity in
terms of relative viable cell number and 1C50 (11,
12). This is consistent with our recent finding, i.e.,
that the antiproliferative activity of the IFN-o2
subtype in vitro is relatively weak compared with
other IFN-o subtypes such as a5, ¢l0 and o8
(32). As a mechanism of antiproliferation, apop-
tosis induction was observed in 9 cell lines
that received 1000 IU/ml of PEG-IFN-02b (mor-
phological changes occurred in 10 cell lines with
4096 U /ml). IFN-0Conl that possesses the most
potent antiproliferative effect among the three
IFN-o preparations induced apoptosis in all 13
HCC cell lines at a similar concentration (12).
The four cell lines (HAK-2, HAK-3, HAX-4, and
KMCH-2) in which PEG-IFN-a2b did not in-
duce a dose-dependent antiproliferative effect
showed the highest IC50 values (>100000IU/
ml) to IFN-¢2 subtype among the 13 cell lines
(32) and showed resistance to PEG-IFN-02b-
mediated apoptosis (HAK-2, HAK-3, and
KMCH-2) andfor low cell surface IFNAR-2
expression (HAK-3, HAK-4, and KMCH-2) (11).

When IFN-u binds to its receptors, the TFN-
receptor-complexes are internalized and degra-
dated intracellularly (33, 34). It was demonstrated
that IFN-a down-regulates type I IFN receptors
in peripheral blood monoenuclear cells (PBMC,
(35-37)). Nakajima et al. (36) reported that the
number of IFN receptors on PBMC in patients
with chronic hepatitis B decreased to about 50%
of the baseline with a fivefold increase in 2/,5'-
oligoadenylate synthetase activity when the pa-
tients were treated with IFN for 2 or 4 weeks. To
date, however, there have been no studies on the
down-regulation of IFN receptors and its rela-
tionship with the antiproliferative effects of IFN-
 in liver cancer cells. Human type I IFN receptor
consists of two subunits, IFNAR-1 and IFNAR-
2. IFNAR-2 is the binding subunit and is more
important than IFNAR-1 for the expression of
IFN activity (3, 38, 39). Therefore, the current
study chronologically examined the relationship
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between the antiproliferative effect and the ex-
pression of the IFNAR-2 subunit in HAK-IB
cells up to 240h after the addition of PEG-IFN-
o2b. We chose HAK-1B for this study because
this cell line expresses the highest IFNAR-2
subunit expression among the 13 liver cancer
cell lines (11) and because this cell line was also
selected for the in vive experiment, allowing
comparison of results in the i vitro setting with
those in vivo. The expression of IFNAR-2 subunit
was significantly down-regulated at 3 h compared
with the Control and then significantly up-regu-
lated at 48 h. Expression then decreased in a time-
dependent manuner after 72h, and the viable cell
number continuously decreased with time. The
down-regulation of IFNAR-2 was the specific
change because another cell surface protein, Le.,
EGF receptor, was not down-regulated at 240h
compared with Control. Therefore, at least for
the HCC cell line, HAX-1B, in an in vitro setting,
the IFNAR-2 subunit is down-regulated but an
efficient antiproliferative effect is induced with
continuous contact with PEG-IFN-u2b. Lau
et al. (35) studied the binding characteristics of
IFN-o to PBMC in patients with chronic hepati-
tis B virus infection and reported a possible
increase in binding affinity of the remaining
receptors as a reason for the continuous effects
of IFN-¢ in long-term IFIN therapy that reduces
the number of IFN-o receptors. On the other
hand, Dooley et al. (40) reported a decrease in
binding affinity. Therefore, this point also needs
to be further studied on HAX-1B and other FICC
cell lines.

‘We then examined the in vivo antitumor effects
of PEG-IFN-u2b: on mice. Twice-a-week admin-
istration of PEG-IFN-02b dose-dependently sup-
pressed the growth of sc transplanted human
HCC. The growth was effectively suppressed
even at 1/3 of the clinical dose in patients with
chronic hepatitis C, and the tumor size was
reduced to 42-58% of the Control. This antipro-
liferative effect was equivalent to the effect
of a consecutive 14-day administration of an
approximately 1.3 times larger clinical dose of
IFN-aConl (12). The antiproliferative effect of
PEG-IFN-a2b in vitro is lower than IFN-a¢Conl,
therefore, our in vivo finding would be under-
stood as the serum half-time of IFN-¢2b becom-
ing longer due to pegylation, then PEG-IFN-a2b
at a high concentrations remaining in the serum
for a long time to affect tumor cells, resulting in
much stronger antitumor effects. This considera-
tion is also supported by our results, i.e., PEG-
IFN-02b and IFN-a2b in vitro presented the same
antiproliferative effects; however, in vivo, IFN-
o2b presented significantly weaker antitumor





